Here, we report on the variation of material parameters of piezoceramic discs due to applied static and isotropic mechanical loads. Such mechanical loads frequently occur in piezoelectric sensor and actuator devices. In order to achieve reliable results from numerical simulation tools, these mechanical loads need to be taken into account. However, as alternative to considering the static and isotropic mechanical loads within the numerical simulation, we alter the material parameters of the piezoceramic appropriately. The material parameters for different mechanical loads are estimated by means of a mathematical Inverse Method. As the results for the thickness extensional mode of two different piezoceramic discs clearly show, primarily three material parameters are influenced by mechanical loads up to 2.0 MPa.
Introduction
Mechanical vibrations at high frequencies are widely used in technical applications, e.g., smart structures as well as structural health monitoring [1, 2] . In many cases, the utilized transducer elements made of piezoceramics are clamped which causes static and isotropic mechanical loads applied to the piezoceramics. These mechanical loads affect the observable behavior of the material, e.g., the frequency resolved electrical impedance. When numerical simulations are conducted within the development of transducer devices (sensors and actuators), mechanical loads causing a static prestress of the piezoceramic have to be considered [3] . However, as alternative to considering the clamping as well as certain static and isotropic mechanical loads within the simulation, the material parameters of the piezoceramic can be adapted yielding reliable simulation results for the electrical impedance, too. We utilize a mathematical Inverse Method [4, 5] to estimate these fictitious material parameters for piezoceramic discs in case of mechanical loads. The input quantities of the Inverse Method are measurements as well as simulation results for the frequency resolved electrical impedance of the thickness extensional mode of the investigated piezoceramic discs. Within the framework of the Inverse Method, the mechanical loads are not taken into account in the simulation.
The paper is organized as follows. In Sec. 2 the utilized experimental setup for mechanical loading of piezoceramics is described. Section 3 deals with the modeling of the small signal behavior of piezoceramic materials. A brief introduction to the mathematical Inverse Method is given in Sec. 4. In Sec. 5 results for two different piezoceramic materials are shown. The paper concludes in Sec. 6.
Experimental Setup
In order to apply static and isotropic mechanical loads to the investigated piezoceramics, we utilized an experimental setup consisting of a clamping fixture and a load cell ( Fig. 1(a) ). The clamping of the specimen is performed with blocks made of acrylic glass. Figure 1(b) depicts the frequency resolved electrical impedance of a piezoceramic disc (diameter d = 25.2 mm; thickness h = 2.0 mm; material Pz27; manufacturer FERROPERM) for the thickness extensional mode. As one can see, the mechanical loads alter the electrical behavior of the disc. In particular, the impedance range of the resonance-antiresonance pair is reduced for increasing loads. Furthermore, a shift of this pair to higher frequencies occurs. 
Finite Element Modeling of Piezoceramics
Depending on the application of piezoceramic materials, a small signal model [4] [5] [6] or a large signal model [7] [8] [9] can be utilized to describe the behavior of the material. Since in many sensor and actuator applications, the variation of deformations and polarizations is negligible, the small signal behavior is sufficient for a reliable modeling. Basically, the small signal behavior of a piezoceramic material is given by the piezoelectric equations containing the tensor of elastic stiffness constants c E , the tensor of electric permittivity components ε S and the tensor of piezoelectric coefficients[e] [4, 6] . For a transversal isotropic piezoceramic as commonly used in technical applications, the tensors are defined as (superscript t for transposed) 
0 e 31 0 0 e 33 0 e 15 0 e 15 0 0 0 0 0
Therewith, the tensors contain overall 10 independent entries characterizing the material. In order to consider the damping within the material for the harmonic case, a damping term can be added which results in complex valued entries for the tensors [10] . Finally, the complex valued material tensors c E , ε S and e are given as (index R for real part, index I for imaginary part)
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where α c , α ε and α e denote the damping coefficient for the tensors, respectively.
Inverse Method
Common approaches to identify the entries of the tensors (Eq. 1) are based on the IEEE-standard [11] . Since these methods are rather time consuming and the estimated parameters lead prevalently to insufficient simulation results, we developed an appropriate Inverse Method allowing the identification of the whole parameter set for piezoceramics [4, 5] . In the course of Inverse Methods, simulation results are compared to measurements (see, e.g., [10, 12] ). Thereby, the material parameters are adapted in a convenient way. Possible input quantities of the Inverse Method for piezoceramics are simulation and measurement results for the frequency resolved electrical impedance and the spatially as well as frequency resolved surface normal velocity.
The top and bottom surface of the investigated piezoceramic disc are used to apply the mechanical load. Hence, the surface normal velocity cannot be measured. Since some parameters are not sensitive to the electrical impedance (see Fig. 2(a) ), we are not able to identify the whole parameter set characterizing the piezoceramic material. Instead of determining the whole parameter set, the investigation was restricted to parameters c E 33 , c E 44 , ε S 33 and e 33 which are parameters considerably influencing the electrical impedance for the thickness extensional mode of the piezoceramic discs. Additionally, the damping coefficient α c (Eq. 2) is identified.
Note that within the numerical simulations of the Inverse Method, neither the clamping of the piezoceramic disc nor the mechanical loading is considered. Thus, the Inverse Method yields fictitious material parameters which, however, can be used to predict the electrical behavior of the piezoceramics in case of mechanical loading. 
Results and Discussion
We investigated the thickness extensional mode of piezoceramic discs made of Pz27 (dimension: d = 25.2 mm; h = 2.0 mm; manufacturer: FERROPERM) and PIC255 (dimensions: d = 25.0 mm; h = 2.0 mm; manufacturer: PI Ceramic). Figure 3 (a) and (b) depict the variation of the material parameters resulting from the Inverse Method in case of mechanical loading. Note that the variations relate to the material parameters for the unloaded state (i.e., 0 N). As can be clearly seen, mainly α c and c E 44 are altered due to mechanical loads. α c strongly rises for increasing mechanical loads which can be ascribed to the decreasing impedance range of the resonance-antiresonance pair in case of mechanical loading. Moreover, c E 33 slightly rises for increasing loads which is a consequence of the frequency shift of the resonance-antiresonance pair (see Fig. 1(b) ). In the investigated range of mechanical loads, the variations of the remaining parameters (ε S 33 and e 33 ) are rather small and do not show any deterministic characteristic. Figure 2 (c) displays a comparison of measurements and simulations for the frequency resolved electrical impedance of the piezoceramic disc made of PIC255. Even in case of rather high mechanical loads (i.e., 1000 N), the measurement results coincide very well with the simulations which are obtained by means of the parameter set resulting from the Inverse Method. 
Conclusion and Outlook
An approach is presented allowing the reliable modeling for the frequency resolved electrical impedance of piezoceramic discs in case of mechanical loading which causes a static prestress of the disc. Thereby, neither the clamping of the piezoceramic disc nor its mechanical prestress was considered within the numerical simulation. Instead, fictitious material parameters have been estimated by means of a mathematical Inverse Method. As the results show, the electrical behavior of clamped piezoceramic discs can be described with these fictitious parameters even in case of significant mechanical loads.
Currently, we apply the presented approach to mechanical loads up to 10 MPa as well as to piezoceramics of other shapes, e.g., block shaped piezoceramics. Moreover, the investigations are performed for different material combinations (e.g., piezoceramic and fiber-reinforced plastic material) frequently occurring in smart structures and smart materials.
